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A device to produce an intense train of very short pulses of high-energy particles is described. An
advantage of this device is that it produces and accelerates a prebunched electron beam for injection
into an rf accelerator as part of the rf network itself. For very high voltages, only the part of the pulse
that is self-bunching actually leaves the gun region. Applications to the design of high-current particle
accelerators and free-electron lasers are discussed.
1. INTRODUCTION
Acceleration of high-current particle beams in conventional accelerating struc-
tures is of considerable importance in radiography, high-energy physics, and
nuclear studies. While induction accelerators have been mentioned most fre-
quently in the high-current context, they are not the only possible configuration.
In particular, radio-frequency linear accelerators (rf linacs) can achieve very high"
accelerating gradients and so have potential as compact and inexpensive systems.
A major obstacle to high-current rf linac operation is the injection "phase,"
where intense pulses of charge must be generated and fed into the structure at
precisely timed intervals. Bunching structures and choppers can be employed for
this purpose, but these become progressively less efficient and more difficult to
design as the current is increased. Space-charge and self-magnetic fields must
always be included when considering intense pulses. These are, moreover, most
severe at the lowest particle energies, at which the injector, by definition,
operates. Additional difficulties can arise if unused portions of the chopped beam
are transported to the structure surfaces and create plasma.
In this paper, we describe a device to produce an intense train of very short
pulses of high-energy particles for injection into high-current rf accelerators. This
device was first proposed independently by Westenskow and Madey! and by
two of the present authors2 in 1984. The gun does not suffer the inefficiency
inherent in chopping a dc electron beam into a series of pulses, but rather
produces the pulses as part of a driven rf cavity network. This is accomplished by
launching a TEM wave with a period equal to twice the desired beam pulse length
into an rf cavity and extracting current from a current-limited emission surface.
Another device called the "lasertron" has been suggested3 which in some respects
is very similar to the device described here (the "cavitrode"). The lasertron uses a
pulsed laser coupled to a photoemissive cathode to produce electron pulses. The
differences and similarities to the cavitrode are quite illustrative. In the lasertron,
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it is the laser which controls electron pulse duration and shape. The cavitrode
relies on microwave fields, specifically, the normal cavity modes, to extract,
shape, and accelerate the pulses. The cavitrode requires only some surface from
which current can be extracted when the normal electric field has the proper sign,
be it thermoemissive, photoemissive, or plasma; a photoemissive surface is
essential for the lasertron. Finally, separate circuitry is needed to synchronize
laser operation with the rest of the accelerator for the lasertron. This is not true
of the cavitrode unless the accelerator itself is not microwave based. This may be
a significant practical simplification. In addition, because photoemissive surfaces
are subject to "poisoning," and the technology itself has not been adequately
tested for heavy-duty-cycle operation, they may not be suitable for use in
accelerators such as Phermex.4 Further discussion of the lasertron, including
particle-in-cell simulations of its operation, has been described in a previous
publication.5
2. AN ILLUSTRATIVE DEVICE
Consider Fig. 1. A microwave generator is connected via a transmission line to a
pillbox cavity. Microwaves from the generator are propagated down the
transmission line and are chosen to have a frequency such that only one cavity
mode is excited, usually the fundamental. The part of the cavity wall labeled S is
prepared so that it is a high-perveance emission source. If the electric fields in the
cavity vary sinusoidally in time, cathode emission will take place when the phase
of the longitudinal electric field Ez is negative. A half-cycle later, when the
electric field changes sign, emission ceases. The result is a train of electron
bunches with pulse length equal to the half-period of the cavity fields. (In the





FIGURE 1 Schematic drawing of the cavitrode, an rf cavity with emitting surface S which produces
pulsed electron beams.
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the emitted beam pulse is smaller than a microwave half-period and is typically of
the order of tens of picoseconds.)5
It is desirable to minimize impedance mismatch in the transmission line-cavity
system and to ensure that only one cavity mode is excited. In our simulations, the
TMol frequency was chosen, so that a TEM wave with a frequency equal to the
fundamental cavity mode was propagated down the transmission line. Electric
and magnetic field probes within the cavity were then used to confirm the
excitation of this mode in the cavity. The fundamental mode has the property that
the axial electric field Ez varies sinusoidally in time with a half-period equal to
1.31 (Ric), where R is the radius of the pillbox and c is the speed of light. In
addition, there are no axial gradients in the field components, except those due to
fringing effects near the apertures.
It is important to differentiate the cases where the pulse length T of the beam is
less than the particle transit time i across the gap (T < i), and the case where
T > i. In the latter case, the current-voltage relation should follow the Child-
Langmuir6 law for nonrelativistic flow and the Jory-Trivelpiece scaling7 in the
relativistic regime. If T < i the current-voltage relation is determined from the
nonrelativistic theory of Kadish, Peter, and Jones. 8 For accelerator applications
such as Phermex, the cavitrode is expected to operate in the regime T > t'.
2.1. Particle-in-Cell Simulations
The characteristics of this device were investigated by 2!-dimensional particle-in-
cell simulations using the fully relativistic and time-dependent code ISIS.9 For










FIGURE 2 Snapshot of a typical beam pulse in the 2!-dimensional particle simulation.
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and no Pierce shaping was included in the design. This is similar to the design of
Westenskow and Madey. 1 Diagnostics included current and voltage probes,
electric and magnetic field probes, and particle distribution data. Figure 2 shows
an r-z particle plot of an emitted electron pulse. It is interesting to note the
collimation of the beam, even in the absence of Pierce shaping of the electrodes.
Collimation of the extracted beam is an intrinsic feature of this generator. To see
this, consider the simple pillbox geometry, excited with the TMol mode. The
transverse motion of the beam in the absence of external focusing fields or
emittance is
(1)
where q is the charge of the accelerated particle, V z is its axial velocity, and Pr is
its radial momentum, Pr = ymvr. Far from the conducting end planes, we can






where nb is the charged-particle number density. Boundary conditions force Er to
zero on the end planes, so that Eq. (2) is an upper bound on its magnitude. There
are also cavity-field contributions arising from the TMon mode, namely,
Bo = -c-1 sin (wont)J1(wonr/c)Eo
and
where WOn is the resonant frequency associated with the TMon mode. When V z is
only a weak function of radius, we can combine these to yield a simple expression
for Eq. (1):
dp q2 lr
_r = _ (1 - {j;) r'dr'nb(r')
dt rEo 0
. ( . . ) (wonr) (wonr)2 2 sm WOnt sm WOnt - sm wontOJO -c- J1 -c-
- q Eo[m2W~n+ (qEo/c)2(sin WOnt - sin Wonto)2J~(W;nr)r12 '
where to is the time of particle emission. The first term in this equation, due to
self-field effects, is positive-definite and leads to diverging flow. It is not severe
near the emission plane where {jz« 1. The Er field is actually most reduced in
that region, however. The real magnitude of this divergence-inducing term, which
must be evaluated with local geometrical effects included, is always smaller than
that given in Eq. (4). When {jz~ 1, the term is much less significant but always
positive. Net compensation for this force can come from the second term. So long
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as (sin wont) (sin wOnt - sin wontO) > 0 and wonrlc ~ 1, the second term can
effectively cancel the space-charge forces and yield a significantly collimated
beam.
Simulations of this device in a high-frequency mode were done on a pillbox
cavity shape with R = 4 em, d = 0.8 em, and a fundamental frequency of 2.9 GHz.
By varying the amplitude of the launched wave, measurements of beam current
for voltages in the 30 to 100-kY range were investigated. This range of voltages
corresponds to maximum electric fields of 150 MY1m, which is below the
experimentally determined values of high-frequency vacuum breakdown reported
by Tanabe. IO
In Fig. 3 we show the variation of the emitted beam current with respect to
applied voltage for a frequency of 2.9 GHz. From these simulations, we have
concluded that the current-voltage scaling appears to follow Child's Law, as
expected (since T> 1:). For higher voltages, the beam current rises linearly with
voltage according to the Jory-Trivelpiece relativistic scaling. From the steady-
state simulations, the perveance of this simple cylindrical pillbox diode was found
to be 2.4 f.lP. Note the agreement between the curve 1= 2.4 X 10-6 y 3/2 and the
nonrelativistic simulation data points.
To investigate application of this device to Phermex-type accelerators, simula-
tions were done on an unshaped cylindrical Phermex-type (d = 2.6 m, f =
50 MHz) pillbox cavity. The emitter radius was taken to be 3.5 em. The





















FIGURE 3 Current-voltage scaling for 2.9 GHz cavitrode simulations. For low voltages, the data
points obey the nonrelativistic Child's Law (solid curve). For higher voltages, the dependence is
linear, in accordance with Jory-Trivelpiece relativistic scaling.
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current determined from current probes in the simulations show a linear
dependence on the accelerating field (Fig. 4). Since Eo = Vod, this agrees with the
Jory-Trivelpiece scaling, I ex: Yo, of a relativistic diode. At a field strength of
12.5 MV1m, for example, the simulations predict an output current of approxi-
mately 1.8 kA.
For some applications, it may be desirable to remove as much of the beam
pulse as possible before the accelerating field changes sign. This ensures that most
of the beam is not left behind during the decelerating half-period of the electric
field. To determine this condition, consider the motion of a single beam particle
in the cavity,
dpldt = qEosin rot,
where p = ymv is the momentum, Eo is the cavity field, and ro is the cavity
frequency. If the particle is born with zero initial velocity at a time to into the
emission cycle, the solution to this equation is
x(r, To) = (cw/ ex)rdT(COS To - cos 1')[1 + ex2[COS To - cos T)2r1l2, (5)
TO
where a- = eEolmroc and 1: = rot. For the particle to leave the cavity, we require
that the distance travelled be greater than the gap spacing d. In the nonrelativistic
(a-« 1) case, Eq. (5) gives the condition
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FIGURE 4 Dependence of current on cavity fields for a Phermex-type cavitrode. Note the linear
dependence of the data (the curve is a least-squares fit), agreeing with current-voltage scaling for a
relativistic diode.
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FIGURE 5 Current probe traces for 2.9-GHz cavitrode simulations. In the top trace, the condition
in Eq. (2) is satisfied by 77% of all beam particles; in the bottom trace, the condiution in Eq. (2) is
satisfied by only 31% of the beam. Note the increase in leakage current in this case.
where we have used the fact that the maximum value of x occurs when
t = 2nIw - to. When this condition is violated for those particles born at a time
t> to into the cycle, these particles are unable to leave the device. Hence, the
leakage current in the device becomes greater as this critical value of to decreases.
From Eq. (6), it can be seen that this critical value of to can be increased by
decreasing the value of the dimensionless quantity mw2dleEo. An example of the
nonrelativistic 2.9-GHz simulations is shown in Fig. 5, where the top trace is the
output from a current probe for a simulation in which mw 2dleEo = 0.12; the
bottom trace is from a simulation in which mw2d / eEo= 2.1. In the latter case, the
critical value of wto from Eq. (2) is wto= 0.31n (i.e., 31% of the beam gets
through); in the former case, the critical value is wto=0.77n (77% of the beam
gets through).
2.2. Self-Bunching
Because the field is increasing for particles born between to = 0 and to = n 12, this
part of the pulse is self-bunching. This is because particles emitted at later times
tend to catch up with those emitted at later times. The tail of the beam for which
particles are born between to = n/2 and to = n, is debunching. Transport into and
through accelerating structures must be phased to compensate for this. Fortun-
ately, if Eod is greater than 1-2 MeV, the particles are sufficiently relativistic that
velocity gradients tend to be small, even though energy gradients may not be.
In the relativistic case, Eq. (5) can be solved numerically. For Phermex
parameters (with Eo = 10 MV1m, we have l¥ = 18.7), the condition x > d leads to
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wto < 0.55.7r. This numerical result is not sensitive to changes in a so long as
a» 1. For instance, with a' = 1000, the phase condition becomes wto< 0.57:rr.
The extracted beam from such a device is self-bunching because most of the
current is born in the first half-cycle, to < 0.5.7r. In general, it can be shown
analytically that any ultrarelativistic beam born in an rf environment exhibits the
same behavior. Consider the transit time of a beam particle starting from rest at to
and reaching its maximum distance at a time t = 2:rrIw - to. In the ultrarelativistic
limit, each particle travels at a constant velocity c. Hence, the distance travelled is
c (2:rr Iw - 2to). A particle not extracted from the device (x < d) obeys the
relation
wto> .7r - wd12c
for an untrarelativistic beam. Substituting Phermex parameters in the above
relation, we can rederive the previous result that only particles born at times
wto< 0.57.7r are able to leave the system.
2.3. Accelerating Voltages
Another attractive feature of this device is that the particle acceleration is done in
an rf configuration rather than in a dc Pierce gun. Hence, accelerating voltage can
be increased over previously limited dc breakdown values. To estimate the
increase in voltage hold-off levels, consider the Kilpatrick criterion11
f = 1.64£2 exp (-8.51E),
where f is in MHz and E is in MY1m. For a 50-MHz device such as required by
Phermex, this gives a value of 9.0 MY1m for the breakdown electric field. The dc
Kilpatrick criterion is
WE2 exp (-17IE) = 1.8
where W = Ed, and d is the gap length in meters. For Phermex parameters, this
gives a limiting electric field of only 8.0 MY1m, or a gain in rf voltage hold-off of
approximately 12%.
Note, however, that because emission from the cathode is space-charge-
limited, the radial beam profile cannot be controlled as finely as laser-controlled
photocathodes are.5 This could be a substantial source of emittance growth, and
may therefore make the injector unsuitable for free-electron lasers, where beam
brightness is of critical importance. Other additional advantages of the lasertron
for free-electron laser applications would be easy tunability of the beam pulse and
freedom from cathode bombardment during the decelerating cycle of the field.
3. CONCLUSION
We have described a device capable of producing a high-current pulsed electron
beam. The device can operate off the already-existing network of an rf
accelerator and obviates the need for bunching a high-energy dc electron beam
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with bunching cavities. For Phermex parameters, an increase in output current of
over 1 kA is possible. Finally, in the ultrarelativistic regime, this injector
produces a self-bunching beam which may be especially applicable to advanced
accelerator concepts such as the plasma wake-field accelerator.12
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